ABSTRACT Ocean wave is one of the promising renewable energy sources all around the world. In this paper, an electromagnetic ocean wave energy harvester (OWEH) based on efficient swing body mechanism is presented. A swing body senses the ultra-low frequency wave motion and drive the rotor of an electromagnetic power module (EPM) rotating at high speed through transmission gears. A series of electromagnetic and dynamic simulations were carried out to optimize the power generation capability of the OWEH. Additionally, the power management circuit is specially designed such that the generated power is able to charge a lithium battery and discharge an external load automatically. The OWEH is installed inside an ocean buoy and tested in the Yellow China Sea. When the peak wave height is greater than 0.6 m, the maximum peak-to-peak output voltage is 15.9 V. The corresponding output power is as high as 0.13 W and the maximum power density is 0.21 mW/cm 3 , where the internal resistance of the OWEH is 122 . Due to the high performance and adaptability, the OWEH can potentially power many low power components, which opens a promising way for improving the life of ocean buoys. Considering the small dimension of 10 × 10 × 6.3 cm 3 , this OWEH can be mounted inside most buoys easily and realize the self-powered ocean buoys in the near future.
I. INTRODUCTION
Due to the global energy crisis, increased research efforts have been contributed to seek and develop the alternative energy resources to oil, such as solar, wind, ocean, biofuel energies and so on [1] , [2] . Among all of the renewable energies, ocean wave energy is a promising one that has a huge potential and high power density. The ocean covers 70% of the Earth's surface and the total amount of the wave energy in the world is estimated to be 2 TW. Although the wave motion has the characteristics of randomness and ultra-low frequency, the feasibility of the ocean wave
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In the mid 1970s, the original methods of energy extraction applied in heaving buoys were proposed [5] . Based on the energy conversion approaches, there are three main categories of the energy harvesters [6] , such as piezoelectric [7] - [16] , triboelectric [17] - [21] and electromagnetic [5] , [22] - [24] . In order to harvest the ultra-low frequency ocean wave energy, it is not preferable to implement traditional spring-mass-based resonant mechanisms [25] - [27] . Instead, the OWEHs usually utilize specific non-resonant inertial mechanisms, such as inertial balls [28] - [30] , inertial sliders [31] , [32] or inertial pendulum structures [33] . Chen et al. [34] designed a triboelectric OWEH by using the sway movement of an inertial ball. By using the collision of a rolling ball caused contact and separation, the triboelectric nanogenerator (TENG) converts the slow, random and high-force all-directional oscillatory motions into electricity. At the low vibration frequency of 2 Hz, the maximum output voltage, power and power density are 180 V, 64.8 mW and 75 µW/cm 3 , respectively. Zhang et al. [35] proposed a sea snake structure with the TENG inside. Due to the action of the waves, multiple segments swing at a large angle, thereby accelerating the speed of the inertial ball in the device and improving the output. One segment of the TENG has the output voltage of 55 V and the power density of 3 W/m 2 . Na et al. [36] designed a sliding rod type piezoelectric OWEH. The vibrating rod makes a reciprocating sliding, and repeatedly hits the piezoelectric benders on both sides, thereby converting the wave energy into electric energy. The average output voltage and power of the device are 2.42 V and 0.173 mW, respectively. Shao et al. [37] proposed a hybridized triboelectric-electromagnetic OWEH. The energy capturing mechanism is realized by moving the magnets through the relative sliding between the light bar and the bearing, thereby driving the electromagnetic and triboelectric parts for hybrid generation. At the frequency of 2 Hz, the output voltage and current generated by the triboelectric power generation module are 142 V and 23.3 µA, respectively. Yerrapragada et al. [38] designed an electromagnetic OWEH based on the inertial pendulum structure. The device uses a horizontal pendulum to capture the low frequency wave energy. When the operating frequency is 1 Hz and the external resistance is 110 , the maximum output power is 4.79 mW. Ding et al. [39] also proposed an electromagnetic OWEH based on the inertial pendulum structure. In order to improve the energy conversion efficiency, the device additionally adds a gear acceleration mechanism. At the low vibration frequency of 0.3 Hz, the maximum output power and power density are 0.3 W and 0.2 mW/cm 3 , respectively.
In view of the reported OWEHs with different energy capturing mechanisms, the inertial ball can capture multidirectional wave energy. However, it is mostly applicable to piezoelectric and triboelectric energy harvesters and the output power is generally low. The inertial slider can only capture the wave energy parallel to its sliding track, and hence the device has relatively poor energy efficiency. The inertial pendulum is able to capture complex and irregular wave energy. and convert the ultra-low frequency vibration (<1Hz) into continuous oscillation or rotation, where the energy conversion efficiency is relatively high. Therefore, this paper adopts an efficient swing body by using the inertial pendulum for the ultra-low frequency wave energy capturing. Thereafter, an electromagnetic power module (EPM) is utilized to rotating at high speed driven by the swing body through the transmission gears. Due to the high output performance and adaptability, the OWEH can charge the lithium battery and low power components for the potential ocean buoy applications.
II. DESIGN AND WORKING PRINCIPLE
This work aims to develop a high performance electromagnetic OWEH as an alternative power supply for the ocean buoy applications. The general architecture of the energy harvesting system is shown in Fig. 1 . The device mainly consists of a swing body, an EPM, transmission gears and the outer frame. During operation, the OWEH is assembled inside the buoy platform. The irregular and ultra-low frequency ocean wave drives the buoy to sway, which can be regarded as the input energy source. Because of the inertia of the swing body, the relative rotation takes place between the swing body and the output frame of the OWEH. This rotation is strong in moment but small in amplitude, thus the transmission gears are used to accelerate the speed of the rotor. According to Faraday's law of electromagnetic induction, an induced electromotive force is generated in the coils of the EPM. Finally, the electricity can be stored in the lithium polymer battery through the charging circuit so as to power the warning lights, and sensors in the ocean buoys. Fig. 2 (a) shows the overall schematic view of the OWEH device with a dimension of 10 × 10 × 6.3 cm 3 . The swing body made of two fan-shaped iron pendulum is assembled in a stepped shaft via two bearings and connected with the drive gear to transform the ultra-low frequency wave energy into the rotating mechanical energy. The moment of inertia mass of the swing body can be designed to adapt the wave spectrum. The radian, radius and thickness of the two fanshaped iron pendulum are 60 • , 40 mm, 10 mm and 120 • , 40 mm, 15 mm, respectively. The EPM of 24 mm × 19 mm is embedded in a cylindrical cabinet of the housing. The drive gear is linked with the EPM through a driven gear and the transmission ratio between the drive and driven gears is 13.3. The EPM is composed of coils, magnets, iron core and outer casing. Three sets of coils are wound around the iron core and the shaft of the iron core is connected with the driven gear, which can be considered as a rotor. The number of turns and resistance of each coil are about 950 and 60 , respectively. A pair of curved magnets with the radian of 140 • and the height of 1.8 mm are symmetrically attached to the inner wall of the outer casing, which forms the stator. The photograph of the fabricated OWEH is shown in Fig. 2 
(b).

III. SIMULATION AND OPTIMIZATION
A. ELECTROMAGNETIC SIMULATION OF THE EPM
When the EPM is driven to rotate, the magnetic flux across the coil changes and the induction electromotive force can be generated. In practical use, the rotation speed changes randomly because of the complexities of ocean waves. In order to optimize the structural dimensions of the EPM, electromagnetic analysis is carried out. Fig. 2 (c) shows the electromagnetic simulation model of the EPM in the JMAG software. Based on the model, the main parameters of the stator and rotor of the EPM are defined as the magnet curvature δ, the magnet thickness h, the thickness of the top of core c and the width of the root of the core a. In the simulation, the interval between the rotor and the stator is set as 0.5 mm, and the effective length of the model is 18 mm. The total volume of the winding coil is occupied about 70% of its accommodating space. Fig. 3(a) . The output voltage reaches the maximum value as the magnet thickness is 1.8 mm. The increase of the curvature and thickness of the magnet will increase the maximum value of the magnetic flux in the coil and thus increase the voltage output. However, when the curvature or thickness increases to a certain value, the distribution of the magnetic line will change. The maximum value of the magnetic flux in the coil will decrease and thus the voltage will be reduced. Therefore, the magnet of the stator can be determined with the curvature of 140 • and thickness of 1.8 mm. By adjusting the thickness of the core top and the root width of the core, the rate of change of the magnetic flux in the coil is changed, so that the voltage changes accordingly. Fig. 3 (c) shows the voltage output for different core top thickness, where the other parameters are constant. It can be seen from the figure, the larger the value of core top thickness, the smaller the output voltage. Similarly, Fig. 3 (d) shows the voltage output for different core root width. As the root width of the core increases, the output voltage rises first and then decreases. The maximum output is obtained at 1.5 mm. Considering the iron core processing and the overall installation of the EPM, core top thickness and core root width in this design are both chosen to be 1.5 mm. To investigate the output performance of the EPM under various rotating speed, the dynamic simulation is carried out. Fig. 4 (a) shows the simulated waveforms of the open circuit voltage at rotation speeds of 500, 800, 1200 and 1500 r/min. The averaged output voltages from 0 r/min to 2000 r/min are calculated and plotted in Fig. 4 (b) . It can be concluded that the output voltage and rotating speed can be approximated as a proportional function with a scale factor k of 0.0036.
B. DYNAMIC ANALYSIS OF THE OWEH
The dynamic model of the OWEH is shown in Fig. 5 . The output voltage of the OWEH is largely determined by the rotating speed of the swing body. When the device is in regular or irregular movement of the wave (in Fig. 5 (b) ), the swing body performs variable-speed sway. The Lagrangian method [40] , [41] was used to derive the equation of the swing body movement. Fig. 5 (a) shows the initial state of the device. Under the action of the wave force, the position of the device changes accordingly, as shown in Fig. 5 (d) . The pose transformation of the device from (a) to (d) can be regarded as a superposition of the movement transformation from the coordinate system XYZ to the coordinate system X Y Z and the rotation transformation from the coordinate system X Y Z to the coordinate system X Y Z as shown in Fig. 5(c) . Therefore, kinetic energy consists of translational and rotational components and is considered at the barycenter of the swing body:
where m is the mass of the swing body and v is the speed vector of the barycenter of the swing body. I g−xy , I g−zy and I g−zx are the moment of inertia of rotor about center of gravity on the Z , X and Y axis, respectively.β,θ andα are the angular velocities of the swing body in the Z , X and Y directions, which is shown in Fig. 5 (c). Potential energy is also considered at the barycenter of the swing body:
where t z is the position of the center of the OWEH in Z direction and l is the eccentricity of the swing body. Fig. 5 (c) shows the sequence of the Euler angle of Z − Y − X . When locating initial position P (0, 0, -l), the displacement function of the barycenter of the swing body can be expressed as:
where O O is the displacement vector of the center of the OWEH. And the velocity vector v can be derived from this displacement function. The Lagrangian is formed by L = T − V . In order to evaluate the effect of damping, the Rayleigh dissipation function R is used and the Euler-Lagrange equation can be expressed as:
Therefore, the equation of motion of the swing body is derived as:
+ I g−zy θ = −ml cos α (z sin θ +ÿ cos θ)
The output voltage can be expressed as:
According to Eqs. (6) and (7), a MATLAB/Simulink model is built to investigate the waveform of the output voltage. In this simulation, k is the proportional coefficient of output voltage, γ is the angular velocity of the OWEH and b represents the mechanical damping coefficient and electrical damping coefficient.
C. OPTIMIZATION OF THE SWING BODY
The swing body in this designed is a fan-shaped iron pendulum with a thickness of 2 cm. Under the excitation of irregular waves, the swing body of the OWEH will rotate or oscillate due to the action of gravity and inertia force, thereby capturing the wave energy. The irregular ocean wave can be regarded as a superposition of numerous sine waves as shown in Fig. 5(b) . To simplify the dynamic model, the random motion of the OWEH is transformed into a sinusoidal motion in a two-dimensional plane as shown in Fig. 6 . The motion equations of the center of the swing body can be expressed as:
t y = t (10) α = 0 (11) where A and ω is the amplitude and frequency of the sinusoidal motion, respectively. Therefore, the simplified dynamics equation is derived as:
It can be seen that the speed of the swing body is related to the mass m, the moment of inertia I g−zy and the eccentricity l of the swing body itself. The mass, the moment of inertia and the eccentricity of the swing body can be expressed by the following equations: where R, ϕ, d and ρ are the radius, radian, thickness and density of the swing body, respectively. Therefore, the optimal parameters of the device can be determined by varying the radius, radian, thickness and material density of the swing body. and 0.3 m, respectively. As can be seen, the output voltages at radius of 4 cm and 3 cm is significantly higher than that at a sector radius of 2 cm regardless of the sector curvature. When the amplitude is 0.1 m, 0.2 m and 0.3 m, the devices with radius of 3 cm and 4 cm can achieve higher output voltages between 120 • and 210 • . On the other hand, as the sector radian increases, the mass of the swing body will be increased accordingly, which affect the integration with the ocean buoy and increase the cost greatly. Taken into account of these factors, a fan-shaped swing body with radius of 4 cm and radian of 120 • is designed, and a fan-shaped pendulum with a radius of 4 cm and a radian of 60 • is added as a supplement. The final design of the compound swing body has a mass of 0.3 kg and an eccentricity of 2 cm. It can be obtained by simulation that when the period is 1 s, the output voltages at amplitudes of 0.1 m, 0.2 m, and 0.3 m are 1.43 V, 3.03 V and 7.38 V, respectively. Fig. 9 (a) shows the experimental setup, consisting of a data acquisition card (DAQ), an accelerometer, a swing platform and a computer. The OWEH is placed on the swing platform to simulate the wave motion and the accelerometer is used to measure the rotation angles in X , Y and Z directions and the accelerations in X , Y and Z directions. The output of the OWEH is connected to the DAQ. The computer is used to receive and store the data from the accelerometer and the DAQ. Fig. 9 (b) shows the track diagram of the platform movement. Fig. 10 shows the output voltage of the OWEH under the rotation angle of about 30 • in Y direction, vibration amplitude of 60 cm and periods of 1 s, 2 s and 3 s. Fig. 10 (a) (d) (g) show the waveforms of the rotation angle in X direction under the period of 1 s, 2 s and 3 s, respectively. Fig. 10 (b) (e) (h) show the waveforms of the accelerations in Z and Y directions under the periods of 1 s, 2 s and 3 s, respectively. And the acceleration on the Z axis does not contain gravitational acceleration. The simulation and experimental results of the output voltage under the period of 1 s, 2 s and 3 s are shown in Fig. 10 (c) , (f) and (i), respectively. As can be seen that the experiment results of the output voltage are consistent with those simulated according to Eqs. (6) and (7). It can be seen that as the vibration period becomes shorter, the device output voltage becomes larger. When the vibration period is 1 s and the peak acceleration in the Z-axis direction is about 1 g, the maximum output voltage of the device is about 10.2 V. As the vibration period increases from 1 s to 2 s, the output voltage of the device drops significantly. When the period is changed from 2 s to 3 s, the output voltage of the device becomes even lower. Figs. 10 and 11 , it can be concluded that when the period is constant, the larger the amplitude, the higher the output voltage of the device. And the maximum output voltage of the device is positively correlated with the amplitude, which is also consistent with the simulation results.
IV. EXPERIMENTAL CHARACTERIZATION A. OPEN CIRCUIT VOLTAGE TEST
B. BATTERY CHARGING TEST
Since the current and voltage produced by the OWEH is unsteady, it is unsuitable for either charging a battery or supplying power directly. A power management circuit is designed so as to produce a stable power input to the battery. Fig. 12 (a) shows the circuit diagram of the power management system, consisting of the OWEH device, a rectifier circuit, a charging and discharging circuit, an external load and a lithium polymer battery of 50 mAh. The OWEH working as an AC power supply harvests wave energy and generates alternating current. Then the input AC power is rectified by the rectifier circuit and flows to the lithium polymer battery through the charging circuit. The charging circuit is mainly based on the commercial integrated circuit, LTC4071, which can prevent excessive charging current and protect the lithium polymer battery from permanent damage due to deep discharge [42] - [44] . It can also offer float voltage of 4.1 V. In order to control the charging and discharging time of the lithium battery and meet the working voltage of the power supply components, the discharge circuit is designed based on the LTC1540 and MAX4685 chips [45] , [46] , which determines the voltage across the polymer lithium battery by adjusting the resistance values of R H , R L , R Y , R 1 and R 2 . When the voltage reaches a threshold of 4.1 V, the polymer lithium battery starts to discharge to the load. through the discharging circuit and the voltage across the battery drops to 3.6 V within 5 s. Then, the voltage across the battery drops from 3.6 V to 3 V and the voltage across the external load drops from 3.2 V to 2.8 V.
C. IN-OCEAN TEST
To validate the output performance of the proposed OWEH design under the real ocean wave condition, an in-ocean test was conducted on September 14 th , 15 th and 16 th , 2018 in Qingdao. The research boat (shown in Fig. 14 (d) ), DONG FANG HONG 2, was used to carry the prototype to the Yellow China Sea (120.303E, 36.043N). Fig. 14 (b) shows the installation of the OWEH inside a small wave buoy. The buoy is an elliptical sphere with two layers of internal space. Thus, the underlying space can hold the heavy block to adjust the center of gravity and the upper space is used to place an OWEH prototype, a battery source and a DAQ card. Since the in-ocean test is conducted for about 72 hours continuously, the DAQ card is used to read and store the output voltage data of the OWEH and the battery is used to supply power to the DAQ card. The real scene of the in-ocean test is shown in Fig. 14 (c) . During the experiment, two buoys are used, one for wave data collection and the other for voltage data acquisition of the OWEH. Analysis of the wave data within three days shows that the peak wave height is mainly concentrated in 0.2 m∼0.8 m. According to the wave height, it is roughly divided the ocean wave conditions into small, medium and large, which are a maximum peak wave height of less than 0.4 m, between 0.4 m and 0.6 m, and more than 0.6 m, respectively. Fig. 15 (a) shows the wave height curves for different ocean conditions taken from the wave buoy. The corresponding open circuit voltage output taken from the energy harvesting buoy is shown in Fig. 15 (b) . According to Eqs. 6 and 7, the output performance of the device is mainly determined by the wave height in the ultra-low frequency ocean environment. Therefore, the larger the wave height, the higher the device output. At the larger wave condition, the angular velocity of the swing body is faster and the maximum peak-to-peak output voltage is 15.9 V. The corresponding output power is 0.13 W and the maximum power density is 0.21 mW/cm 3 , where the internal resistance of the OWEH is 122 . Comparing the wave energy harvesting devices reported in Table 1 , the power density of the OWEH in this work is much better. Meanwhile, it shows high adaptability of irregular direction and ultra-low frequency vibration in real ocean wave environment. 
V. CONCLUSION
In summary, this paper presents the preliminary study of an electromagnetic OWEH based on the efficient swing body mechanism. A series of electromagnetic simulations are carried out to optimize the structure of the EPM and analysis the output performance with different rotating speed. Additionally, the dynamic model of the OWEH is created to optimize the structure size of the swing body and predict its power VOLUME 7, 2019 generation capability. The correctness of the dynamic model is verified by designing a prototype and testing it in the swing platform. Experimental results show good agreement with simulation results. In the open circuit voltage test, it is found that the harvesting performance of the OWEH is positively correlated with the wave height and the square of the wave frequency. Additionally, the integration of ocean buoy and OWEH is realized. The in-ocean test proves that the OWEH can harvest ultra-low frequency and irregular wave energy, and has the high output performance of 0.13 W in power and 0.21 mW/cm 3 in power density. The ocean wave energy harvesting approach opens a promising way for extending the life of ocean buoys in the future.
